A numerical simulation of the pore water pressure dissipation method was performed using the GEOASIA soil-water coupled finite deformation analysis code, which is capable of accounting for inertial forces, together with the elasto-plastic constitutive SYS Cam-clay model based on the soil skeleton structure concept, with the goal of quantitatively assessing the effects of this method as a countermeasure to liquefaction. At the same time, an effort was made to improve/enhance the calculation efficiency of the GEOASIA analysis code by incorporating a macro-element method, which up to this point has only been applied to consolidation problems. The main findings of this study are as follows:
Introduction
In the pore water pressure dissipation method, liquefaction during earthquakes is inhibited by suppressing the increase in pore water pressure by means of the installation of vertical drains. The trade-off for this method is that some degree of ground surface settlement due to compaction must be allowed for. Accordingly, in addition to the question of whether or not the method can be used to prevent liquefaction, it is important to be able to predict the degree of deformation that will occur as a result of ground compaction. The primary objective of this study is to employ a soil-water coupled analysis to quantitatively predict the effects, including the degree of ground deformation, of the pore water pressure dissipation method as a countermeasure to liquefaction.
A survey of the existing literature on the pore water pressure dissipation method reveals that, while there are some examples of model-based experimental approaches (e.g., Tanaka et al., 1984; Unno et al., 2012) , there has been essentially no research involving a full-scale numerical analysis of the real ground. This is because there are three major challenges impeding the numerical simulation of the pore water pressure dissipation method. The first and second challenges are closely related to the principle underlying the method. Countermeasures to liquefaction that employ cement treatment or chemical grouting seek to harden the liquefaction-prone layer, and do in fact prevent liquefaction of at least the target layer. Densification methods, exemplified by the sand compaction pile (SCP) method, also increase the liquefaction strength and liquefaction resistance of the treated layer. Meanwhile, as is well known, the pore water dissipation method seeks to prevent liquefaction by suppressing the increase in pore water pressure and does not attempt to improve the mechanical properties or conditions (i.e., to proactively increase the strength or rigidity) of the ground in question. In other words, it is a countermeasure method with the potential for actually causing liquefaction. Thus, simulations must also be able to reproduce liquefaction in cases where the countermeasure does not perform as expected. As mentioned earlier, because it is a method that, when effective, causes compaction, the constitutive equation must be capable of reproducing both compaction and liquefaction in response to external forces. In order to reproduce liquefaction or compaction behavior that is likely to occur during an earthquake, in addition to the settlement due to consolidation, which is especially problematic after liquefaction, the underlying mechanical theory and the numerical analysis method, employed to solve the governing equation, must be able to seamlessly handle deformation and failure behavior during and after an earthquake and to reproduce the effect of partial drainage. Given these requirements, in this research, we employed the SYS Cam-clay elasto-plastic constitutive model based on the soil skeleton structure concept (Asaoka et al., 2002) installed in the GEOASIA soil-water coupled finite deformation analysis code (Noda et al., 2008) . The SYS Cam-clay model is equally capable of handling liquefaction and compaction as phenomena resulting from the degradation of the structure and the accumulation of overconsolidation, while also accounting for the mechanical behavior of a wide range of ground materials. GEOASIA is a soil-water coupled finite element analysis code based on the two-phase mixture theory in the finite deformation regime, and partial drainage effects appear naturally in the analysis results. It integrates the rate-type equation of motion over time, based on an extended Wilson-θ method adopted for the equation. As such, it is capable of consistently handling a wide range of ground deformation and failure behavior (before, during, and after an earthquake) without having to distinguish between quasi-static and dynamic problems.
The third challenge facing the numerical simulation of the pore water pressure dissipation method concerns the difficulty of representing a large number of vertical drains installed in the ground. While the ideal solution would be to represent such drains by increasing the mesh density, this would require a very large number of elements and would not be practical when performing a 3-D analysis. In other words, to be able to perform a practical simulation of the pore water pressure dissipation method using a numerical analysis code that meets the first two requirements, what is needed is the incorporation of some means of efficiently representing the water absorption and discharge functions of vertical drains. The macro-element method (Sekiguchi et al., 1986; Yamada et al., 2015) , which is a type of homogenization method, is frequently employed in effective stress analyzes for consolidation-related problems, which suffer from the same difficulties as those involved in representing vertical drains. In the present study, we attempted to resolve this issue by applying the macro-element method to a dynamic problem, when it had only been applied, up to this point, to quasi-static problems. The method was recently extended by the authors to include the discharge function of vertical drains in addition to the water absorption function that the original macro-element method has (Yamada et al., 2015) . In this paper, we attempted to incorporate the macro-element method into the GEOASIA soil-water finite deformation analysis code, which is capable of accounting for inertial forces.
In the following sections, we first describe how the macroelement method was introduced to the soil-water finite deformation analysis code with inertia terms. Next, we demonstrate that the macro-element method is capable of generating highly accurate approximations for dynamic problems, using the example of a 3-D unit cell model surrounding a single drain. Furthermore, in order to confirm the effect of suppressing the increase in pore water pressure on reducing deformation, such as lateral flow, we provide an example of numerical calculations conducted for the case of sandy soil directly beneath an embankment, to which the pore water pressure dissipation method is applied as a countermeasure to liquefaction. In addition, with countermeasure design in mind, we briefly discuss approaches for reducing the number of test calculations required for determining the drain spacing and improvement region.
2. Application of macro-element method to soil-water finite deformation analysis code with inertia terms
The soil-water finite deformation analysis with inertia terms, developed by the authors Noda et al., 2008) , employs a so-called u-p formulation to obtain the nodal displacement velocity vector v N { } and representative pore water value u for each element by solving the space-discretized rate-type equation of motion and soil-water coupled equation given by: (1) and (2) is the one which vanishes when the inertia forces do not work. For the sake of simplicity, the compressibility of water has been ignored.
Next, the previously developed macro-element method, with water absorption and discharge functions for vertical drains (Yamada et al., 2015) , was applied to the above analytical method. First, we applied the following soil-to-drain pore water flow model to each element:
where Q Ḋ is the soil-to-drain pore water flow rate, κ is the coefficient of pore water flow from the soil to the drain, u D is the representative value for water pressure in the drain for each element, h and h D are the total heads corresponding to u and u D , respectively, and V . is the current volume of each element. d e and d w represent the equivalent diameter and diameter of the circular drain, respectively, and are treated as material constants.
To incorporate the water absorption function of vertical drains into each element, Eq. (3) is added to the right-hand side of Eq. (2), yielding the following expression: (6) is called the soil-water continuity equation and replaces Eq. (2) as a governing equation.
In the original formulation of the macro-element method (Sekiguchi et al., 1986) , u D or h D was specified by the analyst/ investigator as an analytical condition. However, the authors recently proposed treating this value as an unknown. The following continuity equation for the drain, which is included virtually in the macro-element, is formulated in order to compensate as many equations as the increased unknowns, on the assumption that the mesh division from the top to the bottom of the improved region is initially divided up approximately vertically:
where j β is the coefficient of water flow through the virtual drain contained in each element, and h Dj is the total head of the drain contained in the elements above and below the macroelement. For the sake of simplicity, it is assumed that water flow through the drain obeys Darcy's law. Bearing in mind that the ratio of the cross-sectional area of the virtual drain to the area of the boundary surface between the elements connected above and below is n 1/ 2 , j β is given by the following equation:
where each symbol is defined as illustrated in Fig. 1 . k w is the permeability coefficient for a circular drain and is treated as a material constant. The discharge function of the drains is incorporated in the macro-element method by treating the water pressure in the drain as an unknown, while simultaneously adding Eq. (7) as a governing equation. The boundary conditions for Eq. (7) are handled in the same manner as the hydraulic boundary conditions for Eq. (2). Unless there is a particular reason, the initial value for water pressure in the drain is to be matched with the pore water pressure at the point when the macro-element is applied. Ultimately, Eqs. (1), (6), and (7) represent the governing equations when the macro-element method is applied. Solving these equations simultaneously yields v N { }, u, and u D . As implied by the fact that Eq. (1) is used as it is, we assume that the effect of the vertical drain's presence on the element's rigidity and mass is negligible, and therefore, can be ignored. In addition, we assume that the change in drain volume in Eqs. (6) and (7) is sufficiently small relative to the change in ground volume, and therefore, can be ignored.
One noteworthy feature of the macro-element method is that the mesh division can be specified independently of the drain arrangement and the drain spacing. As presented in Yamada et al. (2015) , the supplementary conditions for the macro-element method proposed by Sekiguchi et al. (1986) , (1988) do not apply. For a detailed explanation of how material constants d e , d w , and k w are determined, see (Yamada et al., 2015) . In addition, in analyzes based on the u-p formulation, there is an upper limit for the permeability coefficient in terms of the time increment per step (Noda et al., 2008) . Although this upper limit can hinder calculations when the drain is represented using a divided mesh, the drain permeability coefficient in the macro-element method is not subject to such constraints. In terms of analyzes based on the u-p formulation, this point, along with the improved calculation efficiency, can be cited as merits of the macro-element method.
Accuracy of approximations using macro-element method for dynamic problems
The authors demonstrated in a previous research (Yamada et al., 2015) that the macro-element method is also capable of yielding highly accurate approximations for problems involving material and/or geometric non-linearity, or multi-layered grounds. In this section, we confirm the high level of accuracy of approximations when the same approach is applied to dynamic problems.
Analysis conditions
The analysis was conducted for a 3-D unit cell model surrounding a single drain. The ground to be improved was a 10 m thick loose sandy ground. Two models were constructed: an 'exact model', in which the analytical domain was a mesh that was finely divided even in the horizontal direction, and an 'approximate model', utilizing the macro-element method, for which the mesh was not divided horizontally. The finite element meshes and boundary conditions adopted in the two models are presented in Figs. 2 and 3, respectively. We assumed drains arranged in a square pattern in a horizontally layered ground at a spacing of 1.0 m and applied a periodic boundary to the sides of the analysis domain. A viscous boundary was applied to the bottom boundary in the horizontal direction (Lysmer and Kuhleemeyer, 1969; Noda et al. 2009 ), while a fixed boundary condition was applied in the vertical direction. In terms of the hydraulic boundary conditions, an impermeable condition was applied to both the side and the bottom boundaries. The boundary at the ground surface was initially assigned a water pressure of zero, and later a permeable condition was applied that retained a prescribed head (i.e., the case in which there is standing water). For the vertical drain, we assumed a spiral drain (Research Association for DEPP Method, 2011) with a diameter of 0.1 m and a permeability coefficient of 7.0 Â 10 2 cm/s. In the exact model, the drain part was represented as a cavity, and the part adjacent to the drain, was set to be a permeable boundary with a constant head, similar to the ground surface.
The material constants and initial values adopted for the ground (including values for the embankment used in the next section) are Table 1 were assigned uniformly to the entire ground. The stress condition was determined by accounting for the ground's own weight under the application of a slight load to the ground surface (9.81 kN/m 2 ). The initial water pressure distribution was hydrostatic. The void ratio was calculated based on the conditional equation that the state variables should satisfy (Noda et al., 2005) .
The material constants for the viscous boundary at the bottom of the model and the macro-element are shown in Tables 2 
) was equivalent to the horizontal cross-sectional area of the 3-D unit cell model.
The input ground motion is shown in Fig. 4 . This represents a seismic wave of the kind associated with a Tokai-TonankaiNankai linked-type earthquake having a main shock duration of 120 s and a maximum acceleration in the order of 180 gal. Excitation occurs in two horizontal directions. The dotted lines in Figs. 4 and 6-9 indicate the times of cessation of ground motion input.
Analysis results
The excess pore water pressure distribution for each model is shown in Fig. 5 . The figure also shows the distribution of the vertical cross section, including the drain for the exact model. Both the exact and the approximate models yielded similar trends for the distributions at the ground surface. In addition, the water pressure appears to be lower in the vicinity of the drain in the exact model. Fig. 6 shows the time-excess pore water pressure ratio relationship for elements that were initially at depths of 2.5, 5.0, and 7.5 m. The upper surface, representing the exact model, shows values for elements at the prescribed depths and at location A in Fig. 2 . Following the change in excess pore water pressure ratio over time, it can be Table 2 Material parameters of viscous boundary.
Bedrock density ρ (g/cm 3 )
2.00 S-wave velocity in bedrock V s (m/s) 150.0 Table 3 Material parameters of macro-element method. Depth5.0m
Depth7.5m seen that, for these element locations, the approximate model yields essentially the same values for the pressure ratio as the exact model does. Furthermore, in both models, although the excess pore water pressure ratio continues to rise for a period of time after the onset of shaking, it stops rising after reaching a value of 0.8 or so, and therefore, does not reach liquefaction.
(Calculations for the same ground without countermeasures resulted in an excess pore water pressure greater than 0.95). From the above, it can be seen that the approximate model is capable of closely approximating the change in water pressure generated by the exact model, at least for the locations compared in Fig. 6 . Meanwhile, because the macro-element method is a type of homogenization method that averages the heterogeneity in the pore water pressure distribution around the vertical drain, as demonstrated in the interior of the exact model (Fig. 5) , it does not directly deal with the heterogeneity in the effective stress and state variables similarly arising around the drain, or with the resulting heterogeneity in the rigidity. Next, we set out to determine whether or not the model could accurately approximate the ground response, even if only the average rigidity is treated. Figs. 7 to 9 show the changes with time in the horizontal acceleration of the ground surface, in the horizontal relative displacement to the bottom of the ground, and in the ground surface settlement, respectively. The nodes representing the relevant ground and basement surfaces are identified as points a and b in Figs. 2 and 3 . In all cases, essentially the same response was produced by the exact and approximate models.
Next, we compared the relationship between the mean effective stress and the specific volume in order to investigate the behavior of elements in the ground. The elements used in this comparison were located at a depth of 2.5 m. For the exact model, the element at the prescribed depth, located at point A in Fig. 2 , was used. As shown in Fig. 10 , both elements exhibit very similar behavior. The mean effective stress falls, at the very most, to approximately 2/3 of the original value. On the other hand, compression due to compaction occurs during the earthquake. Furthermore, very little compression due to consolidation appears to occur after seismic activity ends. Thus, the suppression of the increase in pore water pressure, attributable to the water absorption function of the vertical drains and the ground compaction that occurs in its place, can be reproduced by the numerical calculations. As mentioned above, the macro-element method is highly effective for approximating the water absorption and discharge functions of vertical drains. Meanwhile, it should be recognized that it is the SYS Cam-clay model and the GEOASIA code that allow the reproduction of the compaction behavior and the dynamic calculation. 
Calculation example of improvement effect for excess pore water pressure dissipation method
Next, in order to confirm the effect of suppressing the increase in pore water pressure on inhibiting ground deformation, such as lateral flow, we describe calculations for the case where liquefaction countermeasures, based on the pore water pressure dissipation method, are applied to a sandy ground directly beneath an embankment. In addition, with an appropriate countermeasure design in mind, we briefly discuss ways of employing a 1-D mesh to reduce the number of cases in which calculations using 2-D and 3-D meshes are required when examining the drain spacing and the improved region.
Analysis conditions
The finite element mesh and the boundary conditions adopted here are shown in Fig. 11 . Plane strain conditions were assumed. The ground directly under the embankment was designated as the improved region, and the macro-element method was applied to its relevant parts. Since the radial water flow around a vertical drain is functionally assumed in the macro-element method, the effect of water absorption is evaluated appropriately corresponding to the specified drain arrangement and spacing even if under plane strain conditions. A high-permeability drainage mat was assumed to be laid between the embankment and the ground, and a permeable boundary (atmospheric pressure) was assigned to the embankment-ground interface. A periodic boundary was applied to the vertical sides of the ground, while a viscous boundary was applied to the bottom boundary in the horizontal direction. Table 1 presents the material constants and initial values for  the ground, Table 2 shows the material constants of the viscous boundary, and Table 3 gives the material constants for the macro-element method. An embankment with a final height of 6 m was added to the horizontally layered ground over a period of 18 days (Takaine et al., 2010) , and the consolidation was calculated until a steady state was achieved. Next, the EW component of the ground motion used in the calculations in the previous section was applied to this embankment-ground system, and consolidation was allowed to proceed until the excess pore water pressure had completely dissipated. Naturally, both the quasi-static and the dynamic processes in the period extending from before the earthquake had started to after it had finished were consistently calculated with a single analysis code.
Analysis results
Fig. 12(a) and (b) show the pore water pressure distribution immediately following the cessation of ground motion for cases of an unimproved ground and a ground with a drain spacing of 0.8 m, respectively. In order to make the deformation easier to see, a thick line has been drawn in the figures demarking the sides of the improvement region and the embankment perimeter prior to the earthquake. Using the macro-element method, the effect of the pore water pressure dissipation method on suppressing the increase in water pressure becomes readily apparent in the analysis results. Lateral flow and settlement of the ground directly beneath the embankment are clearly reduced, in addition to deformation of the embankment itself. When no countermeasures are applied, large-scale lateral flow of the ground occurs as a result of the reduction in shear stiffness as the effective stress approaches the origin along with the increase in water pressure. In contrast, when the countermeasures are applied, the decrease in effective stress is halted, which in turn inhibits the reduction in the shear stiffness of the ground, thereby decreasing the lateral flow and accompanying settlement. Fig. 13 shows the dependence of the rates of water pressure increase, settlement, and lateral flow, as defined below, on the drain spacing.
[ The settlement rate and the lateral flow rate include the amount of deformation due to the consolidation processes that occur after the earthquake. By reducing the drain spacing, deformation, such as settlement and lateral flow, can be sufficiently suppressed to inhibit the increase in pore water pressure. For the analysis conditions in this study, the effect of the drain starts to appear at a spacing of approximately 2.0 m, and increases as the spacing falls below 1.0 m.
Proposal of efficient design procedure on improved effect using 1-D mesh-based analysis
As mentioned in the Introduction, because the pore water pressure dissipation method allows for a certain degree of deformation, when determining drain spacing and the improved region, the prediction of the amount of deformation is essential. The above results suggest that an effective stress analysis with improved calculation efficiency, by means of introducing the macro-element method, is a promising approach to achieving this goal. At the same time, although the calculation efficiency is improved through the application of the macro-element method, it is still desirable to limit the number of test cases as much as possible. As can be seen in Fig. 13 , because only a limited range in drain spacing is actually effective, it is possible to refine the number of cases calculated as long as the range in effective drain spacing is ascertained beforehand. The other important point illustrated in Fig. 13 , which may be obvious from the underlying principle of this particular ground-improvement method, is the strong correlation between the suppression of the increase in pore water pressure and the inhibition of deformation. Although 2-D or 3-D mesh-based analyzes are necessary for detailed predictions of deformation, an analysis using a 1-D mesh could possibly be sufficient for capturing the effects of the suppression of the increase in pore water pressure, assuming that this is the sole aim of the endeavor. Therefore, we investigated the 
Conclusion
In this study, a simulation of the pore water pressure dissipation method was conducted by incorporating a macroelement method, which had previously only been applied to quasi-static problems, to the GEOASIA soil-water finite deformation analysis code together with the elasto-plastic constitutive SYS Cam-clay model based on the soil skeleton structure concept. The main findings are as follows:
1. The macro-element method is capable of yielding highly accurate approximations even for dynamic problems. 2. The macro-element method enables the effect of the suppression of the increase in pore water pressure, associated with the pore water dissipation method, to be reproduced even when a relatively coarse mesh is used. 3. The same analytical method is capable of reproducing the effect of the reduction of the loss in shear stiffness (and the resulting reduction in lateral displacement and settlement), which is due to the suppression of the decrease in effective stress. 4. The design procedure for the pore water pressure dissipation method can be streamlined by first determining the range in effective drain spacing using a 1-D mesh-based analysis, prior to performing 2-D and 3-D mesh-based analyzes.
In addition, although this did not arise in the calculations carried out in the present study, because the macro-element method proposed by the authors' research group treats water pressure in the drain as an unknown, it is capable of treating cases of drainage stagnation and liquefaction that result from the insufficient discharge capacity of vertical drains. Furthermore, because the macro-element method formularized by the authors does not require mesh division to be matched to drain spacing, it is possible, as demonstrated in this study, to investigate the effect of different intervals of drain spacing using the same mesh. This is another notable advantage of using the macro-element method.
As partially demonstrated above, the adoption of the macroelement method extends the range of engineering problems to which GEOASIA can be applied. It is expected that the value of using the macro-element method will increase with the simulation scale. Meanwhile, in terms of simulating the pore water pressure dissipation method, the ability to reproduce the increase in pore water pressure due to seismic motion, and the inhibition of deformation due to suppressing this increase, depends on the effectiveness of the analysis code to which the macro-element method is applied. In other words, the macroelement method is useful but, in the end, is simply a tool. For its utility to be leveraged, the analysis code must be effective at its core. As the next step, we hope to extend the value of the macro-element method by comparing simulation and experimental results and by improving the constitutive equation.
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